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ABSTRACT
N ?_Q L[

Nine men were water depleted up to 6.9% of thei;r;ody weight during
controlled 5-day dietary periods and then subjected to various physical
performance tests, including grayout tolerance while undergoing +G, - 3.0G/min.
acceleration, to define set points (the % hypohydraticn where functional dete-
rioration begins). Hypohydration refers to the primary water-loss type of
dehydration. The following set points were cbserwved: total body reaction
time - O to 1%; isometric muscular strength - greater than 4%; Harvard step
"~ test - 4 to 4.5%; submaximal O, intake - greater than 4%; and +Gg - 3.0G/min.
centrifugation - greater than 4%. The concept of free circulating water was
suggested as a possible explanation for the diversity of results regarding
the effects of water depletion on bodily deterioration and work performance.
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INTRODUCTION

20,25,26,27 yhere astronauts were

At the completion of orbital missions,
exposed to a varjety of environmental stresses including acceleration, heat,
isolation, and weightlessness, they were all in weight deficit: Glenn 3.1%
(156 g/br), Carpenter 3.9% (18C g/hr), Schirra 3.1% (132 g/br), and Coocper 5.3%
(102 g/hr). The bulk of the weight loss was assumed to be water. It was very
likely that they also experienced voluntary dehydration; that is,ta delay in
complete rehydration following water loss with water available ad libitum due,
presumably, to inhibition of the normal stimuli for drinking caused by exog-
enous and endogenous stress.l?

In studies on voluntary dehydration it has been postulated that there is
a range of body water plus or minus some arbitrary set point within which func-
tional deterioration does not occur.'® This set-point hypothesis has been
inferred by others.»8,13,15,17,21 Pyrthermore, some water deficit might be
beneficial when man is exposed to a stressful environment in which he must
perform.14’15 Since it has been observed that the water content of the body

is inversely related to the rectal temperature,®’28 it was postulated that a

2 to 3% (of body wt) dehydration might be beneficial for physical performance

by augmenting the "warm-up effect."® On the other hand, numerous studies suggest

that any amount of dehydration is deleterious.2?>779,29

In l96l Webb37 commented that work needed to be done concerning the
influence of dehydration on grayout tclerance during centrifugation. The only
other published study on this problem indicated a decreased tolerance to
Gy - lBG/min. acceleration in subjects acutely dehydrated in the heat about
1 to 3% of their body weight.3f Similar decreases following dehydration were

observed in our lsboratory (umpublished observations).
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Some of the factors that might influence the set point are: 1) the degree
of acclimatization to heat, 2) the degree of acclimatization to physical exertion
(1evel of physical fitness), and 3) the rate of incurrence of the water debt - this
would be closely associated with the environmental temperatures, pressures, and
the water-intake regimen. It is very possible that different stresses or combi-
nations of stresses would have different set points and ranges.

Some confusion exists in the literature regarding the meaning of the word
dehydration. It is often used to mean a depletion of body water with no refer=-
ence to the changes in osmotic substance. Whenever water is lost from the body
by sweating, micturition, or through the gastrointestinal system, csmctic sub-
stance is lost simultanecusly (insensible water and water vapor in exhaled air
are probably pure water). Since body water and osmotic substance are closely
interrelated, both must be considered as a unit. For that reason, three types
of dehydration have been recognized: 1) dehydration caused by primary loss of
water, 2) dehydration that is secondary to the loss of salt, and 3) a combina-
tion of the two above.®722 More recently the term hypohydration has been suggested
in place of primary loss dehydration {(R. E. Johnson - personal communication).

. In this investigation, the effects of chronic hypohydration on the responses
to various tests of bodily functions were studied in an attempt 1) to define
some set points and ranges, and 2) to elucidate some of the possible mechanisms

involved in changes in work performance.
PROCEDURE AND METHODS

Nine healthy male college students (ages 21 to 29) were used as subjects.

Table 1 Anthropometrie and physioclogic baccline data on them are presented in Table 1.




Table 2

The study was divided into three experiments during three consecutive weeks.
Each experiment consisted of a 5-day controlled dietary period and programmed
water intake, during which time the subjects proceeded with their normal activities.
The sixth day was devoted to various physical and psychomotor testing plus cen-
trifugation (Table II). The results of the psychomotor tests will be reported
elsewhere. The programmed water intake during the 5-day dietary periods was:
week 1 - l500xmL/day, week 2 - ad libitum, and week 3 - 900 ml./day.

The subjects reported to the laboratory the evening of day 5 and slept there
overnight. Two subjects were tested each day. On the morning of the test day
(day 6) the subjects ate about 1/3 of their daily allctment of Sustagen, 1 g of
NaCl, and 200 ml. of water. No more food or water was allowed until the end of
the tests on day 6. Regardless of the water-intake regimen, the results were
compared on the basis of the change in body weight between day 1 and day 6 just
before centrifugation. Nude bedy weight was measured each morning before break-
fast on a balance accurate to =5 g after the subject emptied his bladder. 1In
some subjects there was a greater loss of weight during week 1 - 1500 ml. HgO/day
[mean daily high (MDH) = 27.2 C, mean daily low (MDL) = 8.9 C] than during
week 3 - 900 ml./day (MDH = 20.0 C, MDL = 10.0 C) due, in part, to the warmer
weather. The tests were conducted in Octcober and November 1964 and it was
unlikely that the subjects were acclimatized to heat. The average daily high
temperature for the entire 3-week period was 23.3 C, and the average low was
10.0 C (range 6.1 to 31.1 C). The subjects were given sufficient practice in
taking the various tests to assure us that very little additional learning
would occur thereafter.

Biochemical Analyses: Venous blood and urine specimens were collected before

and after the battery of physical tests and before and following centrifugation
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(Table II). Evans blue space (plasma volume) was measured just prior tou cen-
trifugation, utilizing one 10-min., post-dye blood sample.z4 A correction
factor of 0.96 was used for trapped plasma in the capillary micro-hematocrit
determinations using venous blood«™® The following additional measurements
were made: urinary and serum Cl,ll urinary and serum Na and K (Baird flame-
photometer Model KY-2), urinary and serum total osmolarity (Fiske osmometer -
Mark IIT), urinary and serum endogenous creatinine,é and serum glucose using
glucose oxidase.‘?5
Diet: The weight-sustaining controlled diet (Table III) was composed of
Sustagen (Mead-Johnson), saltine crackers (Premium), oleomargarine (Blue Bonnet),
and either bouillon cubes (Wylers) or an eguivalent amount of enteric coated
NaCl pills (Lilly). Subjects EG, JL, AM, and SR consumed the 2900 kcal diet,

and RW, FK, JC, DM, and DR the 2500 kecal diet.

Physical tests: The tests performed were: 1) tilt table, 2) isometric

muscular strength, 3) modified Harvard step test, 4) total body reaction time,
and 5) submaximal 05 intake, in that sequence. The results of the tilt table
tests will be reported elsewhere.

Isometric muscular strength was measured with dynamometers following the
method of Mathews.® Total strength was the sum of the right-hand, left-hand,
back, and leg strengths.

The modified Harvard step test utilized a 43-cm (18 in.) bench and the

index was calculated according to the following formula: *®

PFI = duration of exercise in seconds X 100

2 X sum of recovery pulse counts from 1 to
1-1/2, 2 to 2-1/2, and 4 to 4-1/2 min.
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Total body-reaction time was measured by having the subjects jump off a
platform in response to a light only, a buzzer only, and the light and buzzer
presented simultaneously (combined). The platform was positioned about 2 m from

the light and buzzer. Five trials were taken for eac
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times used in the calculations.

The subjects ran on a motor-driven treadmill (11.3 km/hr, 7% grade) for 3 min.
with no warm-up other than that given by the previous four tests. The Tissot tank
was flushed during the first 2 min. and exhaled air was collected during the
third min. This effort represented 2/3 to 3/& maximum Oo intake. Oxygen and
COz percentages in the exhaled gir were analyzed on a Beckman Model E2 and a
Beckman Model IB-1, respectively.

Centrifuge: The centrifuge employed was the Ames Research Center's five-
degree~of-freedom motion similator.'® The single-place cab, supported inside
a gimbal structure that allowed three degrees of freedom plus vertical transla-
tion, was mounted on a centrifuge with a 30-ft radius. The subjects were seated
in a standard aircraft seat and restrained with a lap and chest harness. The
helmet was secured so the subject's head would not be displaced. The roll of the
cab was controlled by electronic computers so the line of force would be main-
tained parallel to the long axis of the body.

Measurements taken during the centrifugation included the EKG, blood
pressure, and Op saturation utilizing an ear oximeter. The subject's face was
observed on a closed=circuit TV monitor. An intercommunication system was also
used.

On the test day each subject had 3 runs at an acceleration of 3.0G/min.

with 1 to 1-1/2 min. rest between each run. A run was the pericd ¢

(=

time from

a standing start to grayout. OSphygmomanometric blood pressures were measured
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automatically during the rest periods. At the end of each run the cab stopped
with the subject on his right side. The cab was rolled back slowly to prevent
nausea, etc. None of the subjects became i1l during or after the centrifugation.
Prior to the start of the experiments each subject had had at least & runs for
practice and orientation, and was instructed to ride passively without counter-
muscular effort. Each subject had about 5 min. to become accustomed to the

dark in the cab before starting an experiment.

Grayout waé the end point of each run. Lights of three luminances, approxi-
mately 1.03, 0.39, and 0.30u lamberts, were presented to the subjects, beginning
with the lowest intensity. The lights were positiocned directly in front of the
subject's eyes and the duration of each light flash was about 1 to 2 sec. The
subjects were instructed to depress a turn-off switch whenever they saw a light
flash. Failure to turn off a light would cause the light of the next highest
intensity to come on. The run was stopped by the medical monitor when the
subject failed to turn off the highest intensity light. The luminance of the
latter was adjusted sc grayout would occur at about 5G.

Statistical procedures: The subjects were grouped according to loss in

body weight. Group 1.3% consisted of 9 subjects, range O to 1.69%; group
2.3% - 10 subjects, range 1.70 to 2.99%; and group %.3% - 8 subjects, range
3.00 to 6.90%. The 1.3, 2.3, and 4.3% were the means for the three groups.
Each subject was tested.three times.

The dependent variables were adjusted according to the percentage

of body-weight loss by means of the following formula:

i = grouwps 1, 2, 3
Yij = B +ai + BXjj J=1,2, + « +, ny; where
nj = number of observations in the ith group
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where Yj is the Jjth observation in the ith group of the variable under
consideration; Xij is the Jjth observation in the ith group of the amount
(%) of body-welght loss; 4 1is the over-all mean of the dependent variable;

% 1is the specific response of the dependent variable in the ith group; and

B is the correlation coefficient between weight loss and the dependent variable
under study.

No statistical tests of significance were performed, since some individuals
were included twice in the same group, thereby giving =z biased error estimate for
testing group means. Tables IV and VI give the unadjusted means (i), the adjusted
means (ia): and the standard error (SE) of the adjusted means for selected metabolic

variables under study.
RESULTS AND DISCUSSION

Physical performance tests: Total body reaction times - sound, light, and

combined - all progressively decreased with increasing hypohydration (Fig. 1).
Average values for each variable were used in all the tables and figures.

The step-test PFI (Fig. 1) increased slightly with increasing hypohydra-
tion, a higher score indicative of better performance. Since all the subjects
vere able to complete the 5 minutes of stepping, the increase in the mean
PFI was a reflection of lower pulse rates at the end of the exercise and/or
a greater drop in the pulse rates during the &-1/2 min. recovery period. The
effect of water loss on the pulse rate during exercise is variable, depending upon
the test conditions. ©Slightly lower pulse rates have been cbserved in one man walk-
ing in moist heat and drinking water ad libitum rather than drinking water equal to
his weight (sweat) 10ss.2® On the other hand, Rothstein and Towbin®® concluded
that dehydration alone accelerated the pulse rates of working subjects. However,

in the latter studies there was no significant increase in the working pulse rates
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(190 kg - m/min. at 49 C) in hydrated subjects drinking water ad libitum versus
dehydrated subjects drinking no water until a weight deficit of about 4% was
attained. Thus it appears that a 3 to 4% body-weight (BWt) loss does not always
influence the pulse rates cof subjects working in the heat. Our data on men
working in a cool enviromment support this cobservation. Also, a reduction of
10.6% in total blood volume (TBV) and 5.80% red cell volume (RCV)(Table V) was
assoclated with the slightly increased PFI. The set point for pulse-rate dete-
rioration in water-depleted subjects seems to be aboutlh% of total body weight.

Isometric muscular strength increased slightly with increasing hypohydration
(Fig. 1). It must be kept in mind that these various strength measures were
taken during a very short periocd of time - the time necessary for one maximal
contraction of the particular muscle group. During the step test the subjects
commented that their leg muscles were progressively more fatigued with increasing
hypchydration. While muscular strength was not affected in the O to 4% weight-
depletion range, it is very likely that muscular endurance would be adversely
affected. Saltin3° observed that work times at maximal exercise decreased signif-
icantly after dehydration. Further, a very slight increase in maximal isometric
strength (elbow flexion and knee extension) occurred in subjects dehydrated approxi=-
mately 3.8% in a sauna bath (80 C) and 3.6 to 4.0%4 by exercise.>® It may be concluded
that maximal isometric muscular strength was nct affected in the O to h% range
of hypohydration.

Submaximal O consumption (Fig. 1) was not significantly changed with increasing
hypohydration. However, the RQ in group 4.3% was significantly higher when compared
with group 1.3%. Saltinél observed no change in submaximal Oz intakes in subjects
previously dehydrated (3.5%) at 80 C who sustained a 10 to 20% decrease in their

plasma volume.
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Exercise serum and urine variables: In general, the pre- =znd post-exercise

serum and urine variasbles(Table IV) reflected the effects of water depletion.
Small variations in the individual serum ions were noted but the serum osmclarity
increased 2 to 3 mOsm/1 in group 4.3% compared to group 1.3%. The post-exercise
osmolarity increased sbout 4 to 5 mOsm/1. Both exercise and water depletion
contributed to the diﬁinution of urinary excretion. Creatinine clearances

were reduced about half during the exercise period. Post-exercise urinary
creatinine appeared to be highly dependent upon body weight; while the raw mean

justed mean values were sssentislly

0n

values were sufficiently different, the ad
equal. The urine osmclarity was highest in group 4.3% coinciding with greater
water depletion and the urinary Na, K, and Cl, and the urine/serum cemotic ratic
alsc reflected this change. The exercise reduced the urinary osmolarity and the
urinary icn concentrations as well. This reduction was not influenced by the
degree of hypohydration.

Blood volume: The plasma volume (PV) sustained the greater part cf the

water loss from the blocd (Table 5). Compared with group 1.3%, PV decreased
3.3 and 13f8% in groups 2.3 and %.3%, respectively. The ccrresponding RCV
changed +0.6% and -5.8%, respectively. The TBV was essentially unchanged in
group 2.3% (-1.7%), but was reduced 10.6% in group %.3% when compared with
group 1.3%. It appeared that PV and TBV changes were not proporticnal to BWt
loss (Table V). They both remained essentially constant to about 3% BWt loss
and then decreased in group 4.3%.

The relationship between PV loss and BWL loss is determined, in part, by
the net effect of water and osmotic intake and outgo, both of which are influenced
by the envirommental conditions and work load. The PV increased 11%
BWt decreased 5.5% in participants in an 85-km. cross-country ski race.2 On the

other hand, Saltin and Stenberg32 observed a decrease in the TBV of less than 5%




Fig. 2
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associated with a 3 to 5% BWt loss in men exercising at 24 C. Conversely, the

. 31
PV decreased up to 25% in men dehydrated 3.5% BWt in a sauna bath (80 C).
Thus, there seems to be no consistent relationship between PV, TBV, and BWt loss.
The critical factors appear to be the rate of water loss and the ensuing lag in
restoring the lost water into the circulatory system.

Centrifugation tolerance: Grayout tolerance during the three runs was

not affected appreciably from O to 4.3% hypohydration (Fig. 2). A slight decrease
in tolerance may be observed in group 4.3% during run 3, but this point is most
likely not the set point because the terminal pulse rates decreased slightly
during successive runs which would not indicate deterioration. The set point

for centrifugation tolerance would be greater than h.3% hypohydration

an acceleration of 3.0G/min.

Centrifugation serum and urine variables: In contrast to the exercise results,

centrifugation increased the urinary osmolarity, Na, K, Ci, and the urine/serum
osmotic ratio (Table VI). The post-centrifugation urinary volumes were also
increased, even though the subjects were water depleted. Stauffer and Errebo-
Knudsen34 found an increase in urinary specific gravity and a signficant reducticon
in urinary output following centrifugation in water loaded subjects. In general,
increasing the load on the cardiovascular system usually causes a decrease in
urinary output. Serum glucose increased following centrifugation in all three
groups; 8.4, 6.8, and 13.3 mg/100 ml. in groups 1.3, 2.3, and L4.3%, respectively.
This was an apparent increase due to fluid leaving the circulatory system because
the hematocrit/glucose ratio remained essentially constant (range 0.52 to 0.50).
The hematocrit increased 2 to 3 vol.% following centrifugation. The latter
observation was consistent with Clark gg_alﬂp‘who observed that fluid shifted

from the blood to tissues during the short-term *G, accelerations.
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SUMMARY AND CONCLUSIONS

There were no significant changes in maximal isometric strength, total body
reaction time, the Harvard step test, submaximal Op intake, and tolerance to
+Gg - 3.0G/min. acceleration from O to 4% hypchydration. Concomitantly, a com-
parison of pre~ versus post-exposure indicated that most of the various blood
and urine varisbles were essentially unchanged as a result of the exercise
and centrifugation. The only significant change in the physical test measure-
ments was an increase in the RQ in group 4.3% during submaximal Op intake.

This increase was associated with a 10.6% decrease in tcotal blcod volume. It
would seem that group h.3% was near the set point in submaximal Oz cconsumpticon.
The term "set point" refers to the level of hypohydration where deterioration
begins.

Tctal body reaction time appeared to decrease progressively with increasing
hypchydration. Thus its set point would be about 1.3%. The set points for
isometric muscular strength and the step test were both greater than &.3%; the
set point for submaximal Os intake appeared to be about 4.3% when the rise in
RQ in group 4.3% is considered.

Other factors in addition to acclimatization to physical exertion that
must be considered when set points are discussed are: degree of acclimatiza-
tion to the particular enviromment (heat, cold, altitude, etc.), the rate of
incurrence of the water debt (see introduction), and the type of test or measure
used to assess deterioration. It is suggested that deterioration measured by
rather gross tests of bodily functions that can be accomplished quickly (e.g.,
iscmetric strengih) woeuld not be influenced a5 much by water depletion as tests

that require a longer duration and rely more on the integrity of the circulatory



system.(e.g., step test and Os intake). Acceleration tolerance as used in this
experiment fulfills both of the above criteria; however, no significant deteriora-
tion was apparent up to h.3% hypohydration after three runs. It is likely that
greater fatigue would have been observed had a larger number of successive runs
been employed.

Group 4.3% sustained a 13.8% decrease in Evans blue space and a 10.6% decrease
in total blood volume without much deterioration in performance. It seems that
there is a reservoir of extracellular fluid that can be drawn upon without com-
promising performance.

Ladel1l” has stated that " a man can lose 5% of his body weight when thirsting

1

without showing gross physiological changes.” Our blcod, urine, and test results
would essentially agree with that statement. Further, and more important, he
suggested the concept of "free circulating water" (FCW). That is, the body has

s reservoir of water (about 2 liters or 2-3% BWt) over and above its critical
needs that can be drawn upon in time of need. Thus, bodily functions could
continue unimpaired until the store of FCW was used up. It is likely that the
free circulating water comprises part of the extracellular fluid compartment.

Part of the mechanism for the increase in physical performances in well=-
trained athletes might be due to an increase in their FCW since they consistently
have greater blood volumes than comparable sedentary people.33 It should be
remembered that our subjects were in a higher state of acclimatization to physical
exertion than the general population and therefore may be compared with cur physic-
ally conditioned astronauts. This level of physical conditioning would most
likely raise the set points for the various tests (i.e., if our group of subjects

began to deteriorate at 4% hypohydration, a group of average subjects might begin

to decline at 3%).
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Some of the confusion regarding the effect of dehydration on performance,
as suggested in the introduction could be explained, in part, by the FCW concept.
Most of the studies on performance in the heat indicated that any amount of
dehydration was deleterious (set point 0-1%) while thoée studies conducted in
cooler enviromments suggested set points from 3 to 5% body weight loss. The FCW
could be reduced or eliminated very quickly if dehydration were induced by heat
and/or exercise, and the ensuing performance would then immediately begin to
decline. There is always the possibility that part of the performance decrements
caused by heat dehydration could be attributed to the heat per se. The same
argument would apply to exercise dehydration. On the other hand, hypohydration
induced by water deprivation over periods of 3 to 4 days might not deplete the
FCW enough to diminish performance.

It is recognized that many interrelated physiological and psychological
mechanisms are involved in the phenomenon of the determination of work capacity
or performance. The use here of the free circulating water concept is suggested
not only as one possible explanation for the relationship between water depletion
and performance but also to provide a framework to help unify the apparent divers-
ity of information regarding the effects of water depletion on bodily deterioration
and work performance.

Since there were essentially no decrements in the various tests utilized here
in the 0 to 4% range of hypohydration, it may be concluded that performances
by physically well-conditioned subjects would most likely not be adversely
affected if the water depletion were incurred rather slowly (4 to 5 days). However,

short=-term dehydrations induced by heat and/or exercise are usually associated
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with decrements in physical performance and grayout tolerance. The key factor
in the determination of the relationship between water depletion and performance
appears to be primarily the rate at which water is lost and secondarily, the

level of dehydration sttained.
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